INTRODUCTION {#sec1-1}
============

Clavicle fixation {#sec2-1}
-----------------

Fixation of clavicle fractures has become more common since the recognition of symptomatic malunion and nonunion as an important complication of non-operative management.\[[@ref1][@ref2][@ref3]\] These are typically young, active patients who are involved in sports or have manual occupations.\[[@ref4][@ref5]\] Fixation is generally performed with plate and screw or intramedullary constructs. The use of Kirschner wire constructs around the shoulder is associated with wire migration to the major vessels and spinal cord.\[[@ref6]\]

Anatomy {#sec2-2}
-------

The subclavian vessels ascend from the thoracic cavity. In the thoracic outlet, they are separated by scalenus anterior, with the artery running posterior to the muscle and the vein anterior. Lateral to scalenus anterior, the vessels pass over the first rib, at which point they are named the axillary vessels. These vessels are at risk of injury as they run past the clavicle toward the axilla.

Previous anatomical studies have demonstrated the relationship of the vessels to the medial two-thirds of the clavicle in detail. All measurements have been rounded down to the nearest millimeter.

Clavicle thickness {#sec2-3}
------------------

The maximum superior to inferior diameter (thickness) of dry bone clavicles has been reported to be 17 mm, and 15 mm at the site where the axillary artery crosses under the clavicle.\[[@ref7]\] The mean maximal thickness of the clavicle, in any direction, has been reported to be 24 mm (range: 13-34) in the medial third and 15 mm (range: 11-28) in the middle third.\[[@ref8]\]

Distance from clavicle to vessels {#sec2-4}
---------------------------------

The distance from the superior surface of the clavicle to the superior surface of the subclavian artery in cadavers has been reported as 22-34 mm.\[[@ref7]\] A magnetic resonance imaging (MRI) study reported the distance from the anterior surface of the clavicle to the sheath of the neurovascular bundle as 11-22 mm in the medial third and 16-64 mm in the middle third.\[[@ref9]\]

The reported mean distance from the subclavian and axillary vessels to the nearest surface of the clavicle ranges from 17 to 26 mm for the arteries and 5 to 12 mm for the veins. However, the artery can be as close as 5 mm, and the vein may be directly apposed to the clavicle\[[@ref8]\] \[[Table 1](#T1){ref-type="table"}\].
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Mean proximity of the major vessels to the clavicle
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Orientation of vessels to the clavicle {#sec2-5}
--------------------------------------

Computed tomography and MRI studies have reported that the vessels are directly posterior to the medial third of the clavicle and are posteroinferior to the middle third.\[[@ref8][@ref9]\] The recommended safe trajectory for screws in the medial third of the clavicle is from superior to inferior, and in the middle third, it is from anterior to posterior.\[[@ref8]\]

Screw protrusion and vascular injury {#sec2-6}
------------------------------------

Screws that protrude from the posterior and posteroinferior aspects of the clavicle are at risk of injuring these vascular structures. Despite this, vascular injuries have, fortunately, been rare, and several large series of clavicle fixation cases have reported no vascular complications.\[[@ref10]\] The length that a screw can safely protrude from the far cortex of the clavicle has not been reported.

Aim {#sec2-7}
---

The aim of this study was to identify risk factors associated with modern fixation techniques in reported cases of vascular injury after clavicle fixation.

MATERIALS AND METHODS {#sec1-2}
=====================

Articles reporting vascular injury associated with clavicular fixation were reviewed. A search of the PubMed and EMBASE databases was performed of English language journals using the search terms "clavicle," "internal fixation" "arterial" "venous," "vascular" and "complication."

The inclusion criteria were: Vascular injury associated with prominent internal fixation of the clavicle. Exclusion criteria were: Vascular injury presenting prior to internal fixation, thoracic outlet syndrome with no evidence of vessel wall injury, deep vein thrombosis with no evidence of external injury to the vessel wall, and fixation using Kirschner wire constructs.

Abstracts were screened, and all potentially suitable articles were reviewed in full. Reference lists from these articles were also reviewed to identify further suitable articles.

The clinical details of each case were recorded, and particular attention paid to identify the length of the offending screw and the distance it protruded from the far cortex. If the actual screw length was reported, this was recorded. Attempts were made to contact the authors of all the case reports to verify the length of the screws and their protrusion.

Radiological and clinical images of the protruding screws were measured for screw length and protrusion from the cortex using Pixelstick 2.5 software (PlumAmazing, Princeville, Hawaii, USA). This tool expresses measurements as numbers of pixels, which can be extrapolated to millimeters by comparing them to objects of a known length in the same image (the diameter 3.5 mm diameter of a screw and if known, the total length of the screw). All measurements were rounded down to the nearest millimeter.

RESULTS {#sec1-3}
=======

Complications {#sec2-8}
-------------

Ten papers met the inclusion criteria. No randomized trials or case series regarding this subject were found. Of these 10 papers, five were excluded: Two involved migration of Kirschner wires and two involved a compressive thoracic outlet syndrome with no injury to the vessel wall. The fifth paper involved a deep vein thrombosis of the subclavian and axillary veins but no external injury the great veins.

The five studies that were included were all case reports. There were four cases of arterial pseudoaneurysm\[[@ref11][@ref12][@ref13][@ref14]\] and one case of subclavian arteriovenous (AV) fistula.\[[@ref15]\] All were associated with prominent screws. There were no reported fatalities from arterial injury due to clavicle fixation.

The indication for fixation, location of the initial fracture, delay between fixation and presentation, and the length and position of the offending screw are presented in [Table 2](#T2){ref-type="table"}.

###### 

Published vascular complications following clavicle fixation
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In all cases, the indication for the index surgery was related to a fracture in the middle third of the clavicle. The delay between the fracture and surgery varied with the indication for fixation, ranging from acute fracture\[[@ref12][@ref15]\] to nonunion of up to 2 years duration.\[[@ref11][@ref13][@ref14]\]

All cases had been treated with a clavicular plate. There was no supplemental fixation such as an independent interfragmentary screw or cerclage wires. All cases implicated the tip of a prominent screw as the cause of vascular injury and all but one of the offending screws was medial to the fracture site. No cases implicated a displaced bone spike. No cases reported significant intraoperative bleeding during the initial fixation.

All of the pseudoaneurysms presented as intermittent claudication symptoms in the ipsilateral upper limb. There was a prolonged delay of 2-10 years between clavicle fixation and presentation. In three of the four cases, there was a subsequent acute deterioration into limb-threatening ischemia, due to emboli in the upper limb.\[[@ref11][@ref12][@ref14]\]

The AV fistula presented 4 months after clavicle fixation as a pulsatile supraclavicular mass with associated ipsilateral arm weakness.

All five cases required a vascular procedure (stent or graft).

Screw lengths {#sec2-9}
-------------

Two authors\[[@ref11][@ref14]\] replied to our requests for further information.

The total length of the protruding screw was identifiable in two cases as 26 and 30 mm. The screw protrusion length could be identified in three of the five cases as 8, 10, and 10 mm \[[Table 2](#T2){ref-type="table"}\].

In one case,\[[@ref11]\] the screw protrusion could be measured from a radiograph \[[Figure 1](#F1){ref-type="fig"}\] and in another\[[@ref14]\] it could be measured from a clinical photograph \[[Figure 2](#F2){ref-type="fig"}\]. In both cases, the offending screw was markedly longer than the screws either side of it.

![Plain radiograph of 3.5 mm dynamic compression plate with prominent medial screw (white arrow). Note the offending screw is markedly longer than the adjacent screws. R = First rib; CL = Clavicle; AC = Acromion. (Bain GI, Galley IJ, Keogh AR, Durrant AW. Axillary artery pseudoaneurysm after plate osteosynthesis for a clavicle nonunion: A case report and literature review. Int J Shoulder Surg 2010;4:79-82. Reproduced with permission)](IJSS-8-122-g003){#F1}

![Excised clavicle with 3.5 mm plate and screws and associated pseudoaneurysm around the tip of the prominent screw. A dilator has been placed through the true lumen of the excised segment of the subclavian artery. This image depicts several identified risk factors. The offending screw is markedly longer than the adjacent screws and protrudes from the posteroinferior surface of the middle clavicle third. The screw passage is eccentric, such that the surgeon may only have encountered one cortex when drilling the hole. (Shackford SR, Connolly JF. Taming of the screw: a case report and literature review of limb-threatening complications after plate osteosynthesis of a clavicular nonunion. J Trauma 2003;55:840-3. Reproduced with permission)](IJSS-8-122-g004){#F2}

In two of the cases, the only image available was of angiogram with an oblique view of the clavicle. A reliable measurement could not be determined.

DISCUSSION {#sec1-4}
==========

While iatrogenic vascular injury following clavicle fixation is rare; it is a clinically significant, potentially limb-threatening and ultimately preventable complication. A number of factors could potentially be associated with this complication.

The initial injury was a diaphyseal clavicle fracture in all cases. This is not surprising, given that approximately 80% of all clavicle fractures occur in this region.\[[@ref1]\] The indications for the index procedure varied widely from acute fracture to nonunion of 2 years duration.

There were no reported fatalities resulting from arterial injury associated with prominent metalware. In addition, the authors could find no reports of fatalities arising from arterial injury that was identified intraoperatively.

There were no medial or lateral fractures among the reported cases, but the results are still of relevance in the management of these injuries: The most medial holes of a lateral fracture plate will encroach upon the middle third of the clavicle, and all screws will be at risk during fixation of medial fractures.

All cases were associated with prominent screws, and the offending screw was medial to the fracture in all but one case, where it was immediately lateral to the fracture. This is consistent with the described anatomy, where the vascular structures are most at risk in the medial two-thirds of the clavicle.

The sharpness of the protruding screw tip could be expected to affect the likelihood of developing a vascular injury. Unfortunately, it was not possible to identify the type of screw tips used in the studies that were reviewed.

The total length of the offending screws ranged from 26 to 30 mm, which is within the range of reported clavicle diameters. Maximum clavicle diameter is not a reliable indicator that a chosen screw length will be safe. If the screw is aimed off center, it is possible that it will protrude markedly from the far cortex as demonstrated by the prominent screw in [Figure 2](#F2){ref-type="fig"}.

The minimum screw prominence resulting in a vascular injury was 8 mm. It is alarming that this length is less than the reported mean distances between the clavicle and the arteries (17-26 mm).\[[@ref8][@ref9]\] It has been proposed that the injury occurs when the vessels are brought closer to the metalware during arm movement.\[[@ref12]\] The authors feel that this highlights the need for a low margin of tolerance for screw prominence in this procedure. To prevent injury to the artery, it must be less than the reported minimum distance from the vessel to the bone (5 mm).

The use of an all unicortical locking screw construct avoids screw prominence, but this removes the ability to apply compression across the fracture using the plate. In some fracture configurations, this may be overcome by using an independent interfragmentary compression screw. However, the direction of this screw required to achieve maximal compression may not be along a safe trajectory. This screw will be at risk of prominence and must be placed with caution.

Only one case in our study recorded the region of the protrusion,\[[@ref12]\] in that instance the screw was medial to the fracture site and protruded from the posterior cortex.

Limitations {#sec2-10}
-----------

There are important limitations to this study. The sample size is very small due to the rarity of these complications, and the published articles are all case reports. Readers may believe that arterial injury may be anecdotally more common than the findings of this report. However, the authors can only interpret the literature that is published.

There is a potential error in the calculation of screw length due to differences in the orientation of the published images.

Recommendations {#sec2-11}
---------------

Based on the findings of this study and a review of the literature, the authors make the following recommendations:

DissectionSubperiosteal dissection should be performed around the medial two-thirds of the clavicle to avoid inadvertent injury to an adherent major vessel. The authors note that other authors have recommended extra-periosteal dissection due to concerns regarding impairment of blood supply.\[[@ref16]\] However, the authors of the current study believe that the potential morbidity arising from major vessel injury greatly outweighs that of impaired blood supply to the medial two-thirds of the clavicle.Screw directionAs recommended by Sinha *et al*.,\[[@ref8]\] drills and screws should be aimed superior to inferior in the medial third and anterior to posterior in the middle third of the clavicle.Screw lengthCaution must be employed if the measured screw length is \>16 mm. This is derived from the narrowest reported clavicle thickness (11 mm) and the closest reported distance of the vessels to the middle third of the clavicle (5 mm). If the screw is longer than this, or is markedly longer than the adjacent screws, the surgeon must pay close attention to the trajectory of the screw and the degree of prominence to ensure they are within the safe range.Screw prominenceThe maximum allowable is 4 mm, based on the closest reported distance of the vessels to the middle third of the clavicle (5 mm).If there is any doubt about the degree of screw prominence, an intraoperative assessment must be performed. Subperiosteal dissection can be used to identify the screw tips. Intraoperative fluoroscopy could also be used in this situation but may be unreliable if the imaging plane is not perpendicular to the screws.Follow-upPatients who present with a peri-clavicular mass or ischemic episodes in the ipsilateral upper limb require an urgent vascular imaging and assessment by a vascular surgeon.

Patients who present with prominent medial screws should be considered for an angiogram and plate removal, irrespective of whether they have current vascular symptoms or not. This recommendation holds even if there has been a delay of several years since the initial fixation was performed.
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